Anaerobic ammonium oxidation is a recent addition to the microbial nitrogen cycle, and its metabolic pathway, including the production and conversion of its intermediate hydrazine, is not well understood. Therefore, the effect of hydroxylamine addition on the hydrazine metabolism of anaerobic ammonium-oxidizing (anammox) bacteria was studied both experimentally and by mathematical modeling. It was observed that hydroxylamine was disproportionated biologically in the absence of nitrite into dinitrogen gas and ammonium. Little hydrazine accumulated during this process; however, rapid hydrazine production was observed when nearly all hydroxylamine was consumed. A mechanistic model is proposed in which hydrazine is suggested to be continuously produced from ammonium and hydroxylamine (possibly via nitric oxide) and subsequently oxidized to N 2 . The electron acceptor for hydrazine oxidation is hydroxylamine, which is reduced to ammonium. A decrease in the hydroxylamine reduction rate, therefore, leads to a decrease in the hydrazine oxidation rate, resulting in the observed hydrazine accumulation. The proposed mechanism was verified by a mathematical model which could explain and predict most of the experimental data.
The anammox process is the oxidation of ammonium with nitrite as an electron acceptor-in the absence of oxygenresulting in the formation of dinitrogen gas (N 2 ) (33) . This process has so far only been shown for certain organisms belonging to the order Planctomycetales (29) . Because of its unique ability to combine two different nitrogen compounds to form dinitrogen gas (34) and its relevance to the global nitrogen cycle (4, 14, 15, 19, 23, 25) , the anammox process has gained much attention lately. Furthermore, the process was successfully applied in wastewater treatment (8, 18, 35, 39) .
Although catabolic pathways of anammox bacteria have been proposed (31, 34) , no definite catabolic scheme is available since none of the intermediates has been detected under physiological conditions (when converting ammonium and nitrite). Hydrazine is suggested to be an intermediate because of its production upon the addition of hydroxylamine (34) or nitric oxide (NO) (B. Kartal, personal communication) in enrichment cultures. Whether hydroxylamine and/or nitric oxide are intermediates in the anammox process as well is unclear. The presence of nirS (which encodes an enzyme that converts nitrite exclusively to nitric oxide) in the genome of "Candidatus Kuenenia stuttgartiensis," however, implies that NO is an intermediate (31) .
The production of hydrazine upon the addition of hydroxylamine in microorganisms is unique, and thus, hydrazine measurements following the hydroxylamine addition can be regarded as a "benchmark" for anammox bacteria (9) . Therefore, hydroxylamine addition experiments were used during several enrichment studies (5, 11, 12, 22, 36, 40) , and the subsequent production of hydrazine was regarded as an indicator of successful enrichment.
The unavailability of pure anammox cultures makes research into the metabolism particularly challenging. Several complementary approaches have been used over the years to elucidate the metabolism. First, enzymes were purified from anammox enrichment cultures (3, 20, 26) ; second, anammox proteins were expressed in Escherichia coli (7) ; third, the genetic blueprint of an anammox bacterium was unraveled in an environmental genome project (31) ; and finally, batch experiments were performed with physically purified cells (10, 30) .
Additionally, valuable information can also be obtained by the disturbance of the metabolism of anammox bacteria by the sudden addition of relevant chemicals. Perturbations lead to an imbalance in the metabolism and, therefore, to measurable changes in the concentration of intermediates. In this study, we have used this perturbation approach by adding hydroxylamine and monitoring the concentration of ammonium and hydrazine in time. This dynamic response under different conditions was used to evaluate the possible interaction between different metabolic reactions in anammox cells and to evaluate the role of hydroxylamine in anammox enrichments. Based on the data, a metabolic model was constructed that was able to predict most of the observed phenomena.
MATERIALS AND METHODS
Biomass origin. Two different anammox species were used in this study. Most of the experiments used a biomass collected from a lab-scale anammox reactor, containing a granular biomass from an earlier enrichment (37) . The reactor volume was 15 liters, with a liquid volume of 8 liters. The pH was not controlled but was stable at 7.5 Ϯ 0.4. The temperature was controlled at 38°C. The hydraulic retention time was 2.5 days. The reactor was fed with a medium which was similar to the one described by Van de Graaf et al. (33) but with increased ammonium and nitrite levels to obtain a total nitrogen load of 100 mM/day. The reactor contained granules with an average diameter of 0.3 mm and a total biomass concentration of 5 g C/liter. To maintain anoxic conditions and to provide a pH buffer, the reactor was flushed at 25 ml/min with 95% Ar-5% CO 2 (vol/vol). Fluorescence in situ hybridization analysis (hybridization with probes AMX-820 and KST-1273) showed that the enriched organism was "Candidatus Kuenenia stuttgartiensis" in a proportion of about 70% of the total biomass. To assess whether the findings were strain specific, a second set of experiments was performed with a "Candidatus Brocadia fulgida" enrichment from a sequencing batch reactor under similar conditions (13) .
Biomass preparation. Thirty-milliliter samples from the enrichment reactor were taken and washed with a nitrogen-free medium similar to that of Van de Graaf et al. (33) but containing no ammonium, nitrate, or nitrite. Granules were washed until the nitrate concentration was below 0.1 mM. The biomass was transferred to 100-ml bottles, and the liquid volume was set to 50 ml with the nitrogen-free medium solution. The bottles contained septa for sample taking and were made anaerobic by sparging with 95% Ar-5% CO 2 (vol/vol). The bottles were placed in a thermostated shaker (37°C, 150 rpm), and 1 ml of a 100 mM solution of ammonium [as (NH 4 ) 2 SO 4 ] was added to achieve a starting concentration of about 2 mM. After acclimatizing for 2 h, experiments were started with the addition of NH 2 OH.
Hydroxylamine addition tests. A total of 0.25 to 5 ml of freshly prepared 100 mM NH 2 OH ⅐ HCl solutions were added to the test bottles to achieve initial hydroxylamine concentrations of 0.5 to 10 mM. Samples were taken from the bottles after short (5-s) settling of the granular biomass and immediately filtersterilized (0.2-m filters). The filtrate was analyzed for hydroxylamine, hydrazine, ammonium, and-for selected samples-nitrate and nitrite. The concentrations were corrected for the volume removed by the sampling. The biomass content was determined after the experiment by the measurement of the dry weight (DW). As a negative control, the same experiment was performed with the nitrogen-free medium in the absence of the biomass.
Influence of ammonium, short-chain fatty acids, and oxygen. Freshly prepared hydroxylamine solution (2 ml, 100 mM) was added to the test bottles (prepared as described above) to achieve an initial concentration of 4 mM. Ammonium, formate, acetate, or propionate was added immediately to achieve a concentration of 2 mM in the test bottles. In the aerobic experiment, the sample bottles were flushed with air (rather than with Ar/CO 2 gas) during preparation. During this experiment, the headspace was in direct contact with the atmosphere. The oxygen level was not measured, but in view of the low conversion rates, the liquid was supposed to be saturated with oxygen throughout the experiment.
Effect of hydroxylamine on NO, N 2 O, and NO 2 . Because of the small volume of the sample bottles, NO, N 2 O, and NO 2 could not be measured in the batch tests, and therefore, the hydroxylamine addition experiments were also conducted directly in the 15-liter enrichment reactor which contained the "Candidatus Kuenenia stuttgartiensis" biomass. The experiment was started by stopping the influent and effluent pumps for 3 h, followed by the addition of hydroxylamine (50 ml of 1 M NH 2 OH, giving a final concentration of 6 mM). Samples were taken regularly for hydroxylamine, ammonium, nitrite, nitrate, and N 2 O. The pH was measured online, and off-gas was collected continuously in sample bags. From these sample bags, the NO and NO 2 levels were determined automatically every 20 min. Analytical procedures. The hydroxylamine level (30 to 100 M) was measured spectrophotometrically using the method of Frear and Burrell (6) . Briefly, 100 l of 0.5 M phosphate buffer (pH 7), 200 l of 12% (wt/wt) trichloroacetic acid, and 200 l of 1% (wt/wt) quinolinol in absolute ethanol were added to 2.7 ml of (diluted) sample. After shaking, 1 ml of 10.6% (wt/wt) (1 M) Na 2 CO 3 solution was added. The mixture was heated for 1 min in a water bath at 100°C. After cooling (10 min), the hydroxylamine level was determined spectrophotometrically at 705 nm (Novaspec 4049; Biochrom, Cambridge, United Kingdom). Hydrazine detection (3 to 30 M) was performed using a modification of the method of Watt and Chrisp (38) . A total of 100 l of hydrazine reagent (4 g para-dimethylaminobenzaldehyde dissolved in 20 ml ethanol and 2 ml concentrated HCl) was added to 900 l of the sample. After 20 min, the sample was measured spectrophotometrically at 458 nm (Novaspec 4049; Biochrom, Cambridge, United Kingdom).
Ammonium (1 to 143 M), nitrite (43 to 429 M), and nitrate (16 to 964 M) were detected using commercial test kits (Dr. Lange kits LCK304, LCK 341 and LCK339, respectively; Hach Lange GmbH, Düsseldorf, Germany) and determined on a designated spectrophotometer (CADAS 50S). The standard deviations of the measurements were estimated to be 5% of the measured value. Acetate and propionate levels were determined by gas chromatography (Chrompack CP 9001 equipped with a Hewlett Packard HP INNOWAX column). The pH was measured at the beginning and end of each experiment and was always in the optimum pH range for anammox activity (32) .
NO and NO 2 levels were measured in the gas phase using a chemiluminescence analyzer (CLD 700EL; Ecophisics, Ann Arbor, MI). The N 2 O level in the liquid was measured off-line with a reversed Clark-type sensor (Unisense; Århus, Denmark). 
RESULTS
Hydrazine and hydroxylamine evolution in time. The results of the batch experiments in which hydroxylamine was added to the anammox cells in the absence of nitrate and nitrite are shown in Fig. 1A . In all hydroxylamine addition tests, little hydrazine accumulated (maximum concentration, ϳ5 to 10 M) as long as hydroxylamine was still present. When hydroxylamine was nearly completely converted, the hydrazine concentration rose within 5 min (up to 10-fold more than the starting concentration) and then gradually decreased. Ammonium production was significant in all experiments until the appearance of the hydrazine peak. Thereafter, no significant ammonium production could be detected. In the negative control (in which no biomass was present), a hydroxylamine conversion rate of only 0.1 mM/h was estimated, and no hydrazine could be detected at all. Thus, the rate of "chemical" hydroxylamine conversion was too low to explain the observed behavior, indicating that the process was biological in nature.
From the experiments with various biomass and hydroxylamine concentrations, it can be seen that larger amounts of the biomass in the experiment resulted in a shorter time before the hydrazine peak appeared (Table 1 ) and the more rapidly hydroxylamine was converted. Higher initial concentrations of hydroxylamine resulted in a later appearance of the hydrazine peak with the same amount of biomass (Table 1 and (Fig. 1B) showed similar trends with the experiments in small (100-ml) bottles (Fig. 1A ). The N 2 O level in the liquid rose to 2 M after the hydroxylamine addition and remained constant until all hydroxylamine was converted. After the conversion of hydroxylamine, the N 2 O level dropped again. The NO level in the gas phase initially increased to 100 ppm (4 M; this value corresponds to about 2 M in the liquid phase at equilibrium) and decreased again after the hydrazine peak had reached its maximum. The slow logarithmic decrease of NO in the gas phase after the hydrazine peak can be explained by the slow gas dilution rate (the headspace had a volume of 7 liters, which is a large amount compared to the gas flow rate of 25 ml/min). Therefore, NO production can be assumed to have already stopped when all hydroxylamine had been converted. NO 2 in the gas phase was always below the detection level (Ͻ1 ppm or Ͻ5% of the measured NO level). 1C. Corroborated with the NO measurements in the gas phase, these measurements confirm the observation that NO accumulated slightly upon the hydroxylamine addition but disappeared again directly after the full conversion of the hydroxylamine. Influence of the presence of acetate, formate, and propionate. It has been shown that anammox bacteria can convert short-chain fatty acids to CO 2 as an additional energy source while nitrite is reduced to N 2 via ammonium. The produced ammonium is immediately turned over to combine with nitrite to form dinitrogen gas (10) . Formate, acetate, or propionate was added together with hydroxylamine in a series of batch tests. However, none of these acids were found to affect the conversion of hydroxylamine ( Table 1 ), indicating that the conversion of NH 2 OH could neither be further stimulated nor inhibited by these organic acids. The other general trends, such as the ammonium production and the sharp hydrazine peak, were also observed when the organic acids were added.
Influence of ammonium, nitrate, and oxygen. Varying the ammonium concentration in the batch tests did not affect the overall behavior. The initial concentrations of 2, 6, and 9 mM (the latter not in the 100-ml vessels but directly in the 15-liter reactor) all resulted in hydroxylamine conversion, ammonium production, and sudden hydrazine accumulation ( Table 1) . As the experiment in the 15-liter reactor, which gave results similar to those from the 100-ml batch tests, was performed in the presence of nitrate, nitrate (at least up to 12 mM) also seemed not to influence the general behavior. Also, in the presence of oxygen, hydroxylamine conversion occurred at a rate very similar to the rate of conversion in the absence of oxygen. Hydrazine production, however, was not observed at all under these conditions ( Table 1) .
Influence of anammox species. To determine whether the sudden appearance of hydrazine was a specific effect for the employed enrichment (consisting of "Candidatus Kuenenia stuttgartiensis"), a batch experiment was also performed with an anammox enrichment containing "Candidatus Brocadia fulgida." A qualitatively similar behavior was observed (the sudden appearance of hydrazine and about 25% ammonium production), but the hydroxylamine conversion was slower and thus the hydrazine peak appeared later than in similar experiments with "Candidatus Kuenenia stuttgartiensis." Also, the height of the hydrazine peak was lower (Table 1) .
DISCUSSION
General trends. In our experiments, hydroxylamine was converted in the absence of added electron acceptors by anammox bacteria. The control experiments in the absence of a biomass (both in this study as, in the presence of nitrite, in the study by Van de Graaf et al. [34] ) did show a very low conversion of hydroxylamine, indicating that the observed conversion was not chemical in nature. When hydroxylamine is converted by anammox bacteria, the main products are ammonium (about 25% of the converted hydroxylamine) and N 2 . The nitrogen gas was not measured, but it is most likely the main end product because no other gaseous nitrogen compounds (such as N 2 O, NO, and NO 2 ) were detected in appreciable amounts. The conversion into ammonium and dinitrogen gas indicates that the overall hydroxylamine conversion is a disproportionation,
with a ⌬G R 0Ј of Ϫ228 kJ/mol NH 2 OH. According to this disproportionation, the yield of ammonium from hydroxylamine is 0.33 mol/mol. This value is close to the experimentally determined one of about 0.25 mol/mol.
Although hydrazine accumulation upon hydroxylamine conversion has also been detected by others (5, 21, 22, 34) , the hydrazine peak has never appeared as suddenly as in this study. The number of hydrazine samples taken from each experiment in this study is substantially larger than the number taken from the hydroxylamine addition experiments in most other studies. It is therefore possible that the hydrazine accumulation had also occurred in the previously reported experiments just as suddenly as in this study but that the sampling frequency was too low to notice this behavior. The maximum concentrations of hydrazine reported in other studies are markedly higher than in this study (up to 2.8 mM [5] compared with 100 M in this study). It was not possible, however, to correlate these higher values in hydrazine level to differences in experimental conditions or to a different type of anammox bacteria that was used in these experiments.
The observation that the rate of hydroxylamine conversion in the presence of oxygen was similar to the rate in the absence of oxygen was quite unexpected, since oxygen is inhibiting the conversion of ammonium and nitrite by anammox bacteria. Hydrazine accumulation, however, could not be detected upon (near) hydroxylamine depletion in experiments conducted in the presence of oxygen (Table 1 ). This indicated that hydrazine was not formed during this experiment or that the formed hydrazine was immediately oxidized.
Influence of initial biomass and initial hydroxylamine concentrations. The relationship between the (initial) hydroxylamine/biomass ratio and the time until the hydroxylamine peak is linear. Therefore, the kinetics of hydroxylamine consumption fit well with a zero-order reaction rate (Fig. 3) . This indicates that in the chosen range of the initial hydroxylamine/ biomass ratio, neither hydroxylamine limitation nor inhibition took place. Also, the time to the hydrazine peak is inversely proportional to the initial biomass concentration (Fig. 3) , which reflects a first-order dependency of the hydroxylamine conversion rate on the biomass concentration. The initial hydroxylamine conversion rate was 0.6 (Ϯ0.2) mmol NH 2 OH/g DW/h on average. From the linear part of the decreasing slope of the hydrazine peak, a net hydrazine conversion rate of 0.012 (Ϯ0.006) mmol N 2 H 4 /g DW/h was estimated (see Table 1 ).
This rate is 20 to 80 times lower than the initial hydroxylamine conversion rate. The hydrazine peak height reached a maximum of about 70 to 100 M (Fig. 2) for an initial hydroxylamine/biomass ratio of 0.4 mmol NH 2 OH/g DW. Essentially, the behavior of the experiments at higher initial hydroxylamine/biomass ratios were, after lower hydroxylamine biomass ratios were reached during the experiment due to the conversion of hydroxylamine, similar to the experiments started at those lower ratios. Only for those experiments which were started at an initial hydroxylamine/biomass ratio lower than 0.4 mmol NH 2 OH/g DW was the hydrazine peak significantly lower.
Influence of the anammox species. The behavior of the "Candidatus Kuenenia stuttgartiensis" enrichment employed in this study was qualitatively similar to the behavior of the "Candidatus Brocadia fulgida" enrichment. We cannot exclude that the quantitative differences between the two enrichments (in conversion rate and peak height) could be species specific. It is, however, also possible that the mode of enrichment, level of enrichment, differences in sample preparation, or time delay between sample taking (in Nijmegen, The Netherlands) and performance of the test (in Delft, The Netherlands) 16 h later have led to the measured differences in peak height and hydroxylamine conversion rate.
Influence of other community members. Because no pure anammox culture is available for experiments at this moment, information regarding the anammox process is generally obtained using enrichment cultures. The possible contribution of other members of the anammox community to the hydroxylamine conversion was not determined in this study. Other possible community members are denitrifiers, nitrifiers, and sulfate-reducing bacteria. However, to our knowledge, no hydrazine accumulation upon hydroxylamine addition by bacteria other than anammox bacteria has been reported. Furthermore, since hydroxylamine conversion and hydrazine production FIG. 3 . Results from batch tests in 100-ml bottles at various initial hydroxylamine and biomass concentrations show that the time from hydroxylamine addition until the time of appearance of the hydrazine peak is proportional to the biomass-specific hydroxylamine concentration (f). In contrast, the maximum hydrazine concentration in each experiment (OE) is stable at a hydroxylamine/biomass ratio above 0.4 mmol NH 2 OH/g DW.
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on June 26, 2017 by guest http://aem.asm.org/ were always observed in anammox cultures (at several levels of enrichment and probably with different community compositions), it is unlikely that the other community members played a significant role in the hydroxylamine conversion. Source of NO and N 2 O. N 2 gas was the main oxidation product of hydroxylamine conversion. From the nitrogen mass balance during the experiment in the 15-liter reactor, the amount of hydroxylamine which was converted into nitrous and nitric oxide was estimated to be at maximum 0.01%. However, small amounts of N 2 O and NO did accumulate during hydroxylamine conversion (Fig. 1C) . This could indicate that (i) nitrous oxide and/or nitric oxide were intermediates in the hydroxylamine disproportionation, (ii) they were the end products of side reactions, or (iii) they were produced by other community members than anammox bacteria. The different options are discussed below.
(i) If nitric oxide or nitrous oxide were intermediates in the hydrazine formation reaction (the first reaction; see the mechanism in the next paragraph), this implies the oxidation of hydroxylamine to NO/N 2 O, followed by reduction to form hydrazine as proposed on the basis of the genome data (31). Since NO is probably an intermediate in the anammox process-more specifically, a substrate in the hydrazine formation, as is suggested based on the genome information (31)-this is indeed a possible mechanism. We are not aware of any indications that N 2 O can be converted by anammox bacteria, and it is at the moment unlikely that N 2 O is an intermediate.
(ii) Hydroxylamine can also be converted to NO and N 2 O by the hydroxylamine oxidoreductase enzyme present in substantial amounts in anammox bacteria (20) , and this side reaction could be the source of the NO and/or N 2 O. Furthermore, nitrous oxide production via one of several potential nitric oxide detoxification enzymes identified from the anammox genome (10) is another possible anammox-related source of nitrous oxide.
(iii) Given the small amounts of N 2 O and NO produced during the experiment, the possibility that other community members (see the previous paragraph) are producing the nitrogen oxides cannot be excluded. These other bacteria would then start to produce NO/N 2 O upon hydroxylamine addition. Denitrification by heterotrophs is improbable, as there is no known reaction of denitrification for hydroxylamine. Aerobic ammonium-oxidizing bacteria, present in small quantities in anammox enrichments, are known to produce NO and N 2 O, especially under anoxic conditions (28) , and this could be a source of NO and N 2 O.
Possible mechanism of hydrazine accumulation. The sudden accumulation of hydrazine upon the full conversion of hydroxylamine in the batch tests could be caused by: (i) a quick increase in the production of hydrazine and/or (ii) a sharp decrease in its conversion. The measured concentration changes presented in Fig. 1 and 2 show that hydrazine concentrations increased gradually before they abruptly increased. Possibly, at a hydroxylamine concentration of Ͼ0.2 mM, hydrazine is continuously turned over-that is, produced and consumed at the same rate in different reactions-with only a very small excess in its production rate. This would also be consistent with the production of 15 N ' N 14 when 15 N-labeled hydroxylamine or ammonium is employed in hydroxylamine addition experiments (34) .
A sudden rise in the net hydrazine production upon the near completion of hydroxylamine conversion could only be explained by assuming a toxic or inhibitive effect of hydroxylamine on the hydrazine production rate, as postulated by Shimamura et al. (26) . This mechanism could potentially explain the hydrazine production upon hydroxylamine addition in the presence of nitrite and ammonium, as when hydrazine is already being produced from ammonium and nitrite, inhibition of the hydrazine oxidation reaction would immediately lead to hydrazine accumulation. Our work (in the absence of nitrite) does not suggest any inhibition by hydroxylamine, because if hydroxylamine were to inhibit hydrazine oxidation, a stronger inhibition at higher concentrations is likely. Therefore, the addition of hydroxylamine would have led to the accumulation of hydrazine immediately after the hydroxylamine addition (when the hydroxylamine concentration was highest). The delayed hydrazine production observed in this study, taking place only upon the nearly complete consumption of the hydroxylamine, could therefore not be explained by hydroxylamine inhibition.
A sudden stop in hydrazine conversion could, however, be explained by a limited amount of electron acceptor in the later stage of the experiments. A possible reduction reaction in the system is the conversion of hydroxylamine to ammonium. When coupled with hydrazine oxidation, the ⌬G R 0Ј of this reaction is Ϫ318 kJ/mol NH 2 OH, and thus, the reaction is thermodynamically favorable. If this hydroxylamine reduction reaction would cease or significantly slow down (e.g., because of the depletion of one of the electron carriers or because of the low affinity for its substrate, hydroxylamine), the oxidation of hydrazine would suddenly stop as well.
Two possible schemes, based on such a sudden stop in hydrazine conversion upon the nearly complete conversion of hydroxylamine, that could explain the observed disproportionation and sudden accumulation of hydrazine are shown in Fig.  4A and B. Hydrazine conversion after the hydrazine peak could run via a generalized (possibly multiple-enzyme) hydrazine disproportionation reaction (Fig. 4A) or could involve the reverse of the hydrazine formation step, thus producing hydroxylamine and ammonium (Fig. 4B) . The small amounts of hydroxylamine produced in this way can be converted again to ammonium with the remaining hydrazine (which is converted to N 2 ). Both mechanisms thus result in the same overall reaction (see the first reaction equation below). However, the actual reversibility of the hydrazine-producing reaction is not known, since the enzyme capable of this conversion has not been purified and the plausibility of the reversibility assumption thus cannot be tested.
In both schemes in Fig. 4 , the following three metabolic regimens can be distinguished from the evolution of the concentrations of nitrogen compounds in the hydroxylamine addition batch experiments.
(i) For regimen I, the hydroxylamine combination with ammonium to form hydrazine is the rate-limiting step. Hydrazine oxidation to N 2 is coupled with hydroxylamine reduction to ammonium. In this regimen, the hydroxylamine concentration falls and ammonium increases, while the hydrazine concentration remains at very low levels.
(ii) For regimen II, the ammonium production is strongly slowed down when hydroxylamine is nearly depleted. There- (iii) For regimen III, the hydrazine concentration falls due to its removal via two possible mechanisms: direct disproportionation into ammonium and N 2 (Fig. 4A) or disproportionation into ammonium and hydroxylamine, the latter further reacting to ammonium while the remaining hydrazine is converted to N 2 (Fig. 4B) .
These reaction schemes involving NH 2 OH do not exclude NO participation in the hydroxylamine disproportionation or in the anammox metabolism, as both alternatives (Fig. 4A and B) could possibly be extended to have NO as an additional intermediate (as is shown in Fig. 4) . The hydroxylamine combination with ammonium to form hydrazine is still the overall reaction in these schemes, but hydroxylamine is first converted to nitric oxide. Nitric oxide (instead of hydroxylamine) subsequently combines with ammonium to form hydrazine. Since the overall reaction is the same, the electron balance also remains unaffected. The three-electron oxidation of hydroxylamine to NO is balanced by the three-electron reduction from the combination of NO and ammonium to form hydrazine.
Mathematical model. A mathematical model was constructed to test the hypothetical metabolic schemes proposed for the hydroxylamine degradation. The model could describe the sudden hydrazine accumulation and its subsequent consumption. The reaction equations were based on alternatives A and B and were constructed in such a way that in all reactions the electron and element balances were satisfied. Ammonium (NH 4 ϩ ) was considered in all reactions instead of ammonia (NH 3 ), because at the working pH (7.5) , this is the dominant species, at least in the extracellular solution. The pH effects were not taken into account in this model. The notations and parameters used in the model equations are presented in Table 2 .
The first reaction is the hydrazine-forming step from ammonium and hydroxylamine,
with a ⌬G R 0Ј of Ϫ47 kJ/mol NH 2 OH and rate r 1 as follows:
The rate dependency of the ammonium concentration was neglected because (i) the measured ammonium levels (2 to 3 mM) are much higher than the half-saturation coefficients (K m ) for ammonium in bacteria (which are generally in the 10 to 100 M range) and (ii) batch experiments did not indicate sensitivity of the reaction rate to the ammonium concentration (Table 1) .
In a second reaction, hydrazine oxidation to N 2 is coupled with hydroxylamine reduction to NH 4 ϩ as
with a ⌬G R 0Ј of Ϫ318 kJ/mol NH 2 OH and rate r 2 as follows:
The application of the combination of these first two reactions in a mathematical model is capable of reproducing the hydroxylamine consumption and the swift hydrazine accumulation (results not shown). However, for the hydrazine con- FIG. 4 . Two reaction mechanisms (A and B) can explain the response of ammonium and hydrazine toward hydroxylamine additions in anammox enrichments. Three regimens can be distinguished in each mechanism. Regimen I (at high hydroxylamine levels) involves a continuous turnover of hydrazine with ammonium and N 2 production. Regimen II (at low hydroxylamine levels) is a stop in hydroxylamine reduction, which ceases hydrazine oxidation, leading to sudden hydrazine accumulation. Regimen III (at relatively high hydrazine levels and low hydroxylamine levels) in mechanism A is the disproportionation of hydrazine into ammonium and dinitrogen gas; in mechanism B, regimen III is the slow removal of hydrazine via oxidation to N 2 and the reversal of the hydrazine combination reaction. sumption when all hydroxylamine is depleted (regimen III), a separate reaction has to be introduced. Hydrazine disappears in this third reaction, which can be either hydrazine disproportionation (Fig. 4A) or the reverse of reaction 1 with the production of ammonium and hydroxylamine (Fig. 4B ). In the case of the direct disproportionation of hydrazine, reaction 3A is employed as
with a ⌬G R 0Ј of Ϫ180 kJ/mol N 2 H 4 and rate r 3A as follows:
In the second alternative (reaction 3B), the reaction is the reverse of reaction 1, that is,
with a ⌬G R 0Ј of ϩ47 kJ/mol N 2 H 4 and rate r 3B as follows:
The ⌬G R 0Ј for reaction 3B is close enough to zero to make the assumption of reversibility plausible, since at the actual concentrations, after the hydrazine peak, of ammonium (ϳ10 Ϫ3 M), hydroxylamine (ϳ10 Ϫ5 M), and hydrazine (ϳ10 Ϫ4 M), the ⌬G R Ј is much closer to zero (ϳ20 kJ/mol).
FIG. 5.
The experimental results of a batch experiment with a hydroxylamine addition (ᮀ, hydroxylamine; OE, hydrazine; }, ammonium) are fitted with the kinetic models A (---) and B ( ___ ). The models are both capable of describing the observed phenomena quantitatively. The experimental conditions (NH 2 OH, 4.1 mM; biomass, 7.8 g DW/liter) and all other parameters were taken from Table 2 . N 2 is represented as a cumulative production of mmol N 2 per mol liquid volume. a Model A involved a separate hydrazine disproportionation reaction, whereas with model B, the hydrazine formation reaction was considered to be reversible. The two reaction schemes are presented in Fig. 4 .
b Parameters were fitted to the measured nitrogen species concentrations. c Initial conditions were based on measured values. d n.a., not applicable.
The kinetic model both in reaction 3A as well as in reaction 3B satisfactorily could explain the experimentally determined evolution of hydrazine concentration over time (Fig. 5) . The model parameters (i.e., the maximum rate constants and halfsaturation coefficients) were experimentally determined from the batch experiment with 7.8 g DW/liter biomass and 4.1 mM hydroxylamine. All the parameters for this kinetic model are shown in Table 2 .
The kinetic model with parameters thus obtained in one batch experiment can be used to predict the effect of various biomass and initial hydroxylamine levels in the other experiments. However, the model is not capable of predicting exactly the time at which the hydrazine peak occurs. The differences between the model and the experiments can be fully attributed to variances in the measured biomass-specific hydroxylamine reduction rate. Because the overall reaction of the model is the disproportionation of hydroxylamine in ammonium and N 2 , the final ammonium production is fixed at one-third of the converted hydroxylamine. Since the measured production is actually about 25% lower, this shows a systematic error in the prediction of the ammonium level.
In the described mathematical model, the affinity for hydroxylamine is much lower than the affinity for hydrazine (that is, K 2,NH2OH Ͼ Ͼ K 2,N2H4 ). A lower difference in affinities in the model will result in a more gradual accumulation of hydrazine (because the hydroxylamine reduction and thus the hydrazine oxidation are slowed down earlier), which would not be in agreement with the observed behavior. In anammox bacteria, the enzyme responsible for ammonification is unknown, but based on genomic (31) and enzymological (10, 20) information, pentaheme nitrite reductase (NrfA), hybrid cluster protein (HCP), and the cd1 nitrite reductase (NirS) are candidates for this conversion. The reported half-saturation constants of these enzymes, purified from bacteria other than anammox bacteria, with hydroxylamine as a substrate are high, ranging from 0.6 mM to 30 mM (1, 2, 27) . The values reported in these studies are more than two orders of magnitude higher than the K m value of these enzymes for nitrite (which is in the M range). The model requirement of a low affinity for hydroxylamine in the ammonification reaction, therefore, seems to be also plausible based on the nature of the enzyme(s) performing this conversion.
Implications of the mechanism for the "normal" anammox metabolism. The production of hydrazine in the presence of excess hydroxylamine was originally considered a strong indication that hydrazine and hydroxylamine were both intermediates in the anammox process (34) . However, recent evidence points toward the reduction of nitrite to nitric oxide (not hydroxylamine) as the fist step in anammox metabolism, suggesting that nitric oxide and hydrazine are the intermediates in the anammox process (24, 31) . The subsequent conversion of nitric oxide and ammonium to hydrazine involves the coupling of two nitrogen atoms, in combination with a three-electron reduction reaction. If hydroxylamine were an additional intermediate, there would be a separation of the three-electron reduction (NO to hydroxylamine) from the formation of the N-N bond (combination of hydroxylamine and ammonium to hydrazine). If the combination of hydroxylamine and ammonium via the mechanism that was proposed in this study takes place directly (and not via NO [see Fig. 4 ]), the possibility exists that also under physiological conditions hydroxylamine is an (additional) intermediate in the anammox process. However, the direct measurement of hydroxylamine during the conversion of ammonium and nitrite is required to validate this hypothesis.
Conclusions. Hydroxylamine was disproportionated by anammox enrichments into ammonium and N 2 . Hydrazine accumulated slightly during the conversion of hydroxylamine but rose sharply when nearly all of the hydroxylamine had been consumed. NO and N 2 O were also produced in small amounts. It was suggested that hydrazine was an intermediate in the hydroxylamine disproportionation. In this hypothesis, the sudden accumulation of hydrazine was caused by the sudden stop in the conversion of hydrazine, while the production still continued. Although the experiments were mostly performed with one anammox species ("Candidatus Kuenenia stuttgartiensis"), comparable results in a test with "Candidatus Brocadia fulgida" indicate that the described phenomenon is a general anammox characteristic. Two simple kinetic models were capable of explaining the observed behavior. Both models predict a very low hydroxylamine affinity for the hydroxylamine reduction to ammonium, compared to the conversion of hydroxylamine with ammonium to form hydrazine.
